We have developed a novel, single-step, isothermal, signal-amplified, and sequence-specific RNA quantification method (Lassay). The L-assay consists of nicking endonuclease, a dual-labeled fluorescent DNA probe (DL-probe), and conformationinterchangeable oligo-DNA (L-DNA). This signal-amplified assay can quantify target RNA concentration in a sequence-specific manner with a coefficient of variation (Cv) of 5% and a lower limit of detection of 0.1 nM. Moreover, this assay allows quantification of target RNA even in the presence of a several thousandfold excess by weight of cellular RNA. In addition, this assay can be used to measure the changes in RNA concentration in real-time and to quantify short RNAs (<30 nucleotides). The L-assay requires only incubation under isothermal conditions, is inexpensive, and is expected to be useful for basic research requiring high-accuracy, easy-to-use RNA quantification, and real-time quantification. . Article published online ahead of print. Article and publication date are at
INTRODUCTION
The specificity of nucleic acid hybridization is a fundamental requirement for identification of target RNA sequences. A number of sequence-specific RNA quantification methods based on hybridization have been developed for various purposes (Collins et al. 1997; Eis et al. 2001; Tanke et al. 2005; Wheeler et al. 2005; Marras et al. 2006; Mothershed and Whitney 2006) , such as to study the function of various RNAs (Hannon 2002; Berezikov et al. 2006 ) and for the detection of pathogens (Mahony et al. 2001; Yam et al. 2004) . Northern blotting, quantitative reverse transcription polymerase chain reaction (Q-RTPCR), and molecular beacons are representative in vitro RNA quantification methods (Tyagi and Kramer 1996; Bird 1998; Sambrook and Russell 2001) . By Northern blotting, it is possible not only to quantify the target RNA but also to determine its length, although this method requires many handling procedures, making it time-consuming and subject to the risk of operational errors resulting in low accuracy. Q-RTPCR can detect even a single molecule of the target RNA and has a very wide dynamic range, although it requires a thermal cycler for signal amplification, precise temperature control for accurate quantification, and refinements for detection of short RNAs (Chen et al. 2005) . Molecular beacons are usually used as probes for Q-RTPCR or for other signal-amplified quantification methods (Marras et al. 2006 ). In addition, the molecular beacon itself has been used for sequence-specific quantification in real-time through hybridization to a specific sequence, although the sensitivity of this method is expected to be low because it is not a signal-amplified method. Thus, all available methods have both advantages and disadvantages, and development of new methods that complement the current strategies, particularly with regard to accuracy and convenience of quantification, are expected to provide new insight in basic studies and applied science.
We have developed a novel, single-step, isothermal, signal-amplified, and sequence-specific RNA quantification method (L-assay). This assay is composed of nicking endonuclease (Xu et al. 2001 ), a dual-labeled fluorescent DNA probe (DL-probe) (Johansson et al. 2002) , and a conformation-interchangeable oligo-DNA (L-DNA), and requires only that these components be mixed and placed under isothermal conditions for 10-30 min. In the L-assay, the presence of the target RNA sequence will result in an increase in fluorescence intensity. We found that the rate of fluorescence increase was proportional to the target RNA concentration, even in the presence of a several thousandfold excess by weight of nontarget RNA, indicating that the L-assay can quantify the target RNA in a sequence-specific manner. The coefficient of variation (Cv), which is the ratio of standard deviation to mean of quantification, ranged from 4.0% to 6.7%. The lower limit of detection was 0.1 nM, and we discuss the potential for further increasing the sensitivity of this method. Moreover, we found that the L-assay is relatively insensitive to the design of the DLprobe and L-DNA sequences, indicating the robustness of the assay. Furthermore, we demonstrated real-time quantification of RNA degradation by RNase A using L-assay. The L-assay is an easy-to-use method for RNA quantification or detection and for real-time RNA quantification (Marras et al. 2004; Rondelez et al. 2005) , and is particularly useful for studies requiring a high degree of accuracy and/or quantification of short RNAs.
RESULTS

Scheme of the L-assay
The L-assay is composed of nicking endonuclease, DLprobe, and L-DNA ( Fig. 1) . Nicking endonuclease is an enzyme that binds to its asymmetrical recognition sequence in double-stranded DNA and nicks only one specific strand of the duplex (Xu et al. 2001) . The DL-probe is a short (11-15 nucleotides [nt]) oligo-DNA, which carries the recognition sequence and cleavage site for the nicking endonuclease Nb.BbvC I (Heiter et al. 2005) , and is labeled with the fluorescent dye 6-carboxyfluorescein (6-FAM) and its quencher Black Hole Quencher 1 (BHQ1) at the 59-and 39-ends, respectively (Johansson et al. 2002) . Therefore, a fluorescence signal appears only when the DL-probe is cleaved by Nb.BbvC I. The L-DNA is a mediator oligo-DNA ( Fig. 1A) , which changes its conformation from the hairpin form to the open form on hybridization with the target RNA sequence. The L-DNA has sequences complementary to both the target sequence and DL-probe (underlined black and gray characters in Fig. 1A , respectively). The hairpin form L-DNA can hybridize easily with the target sequence because the 59-end of L-DNA is single stranded, while it is difficult to hybridize to the DL-probe. Hybridization of L-DNA with the target sequence unzips the double-stranded structure of the hairpin, causing the L-DNA to adopt the open form ( Fig. 1B, Steps 1 ,2). This is because L-DNA is energetically more stable when adopting a double-stranded structure with the target sequence than the hairpin form. In the open form, the L-DNA sequence complementary to the DL-probe is accessible, and it therefore becomes double stranded with the DL-probe ( Fig. 1B, Step 3). The doublestranded DL-probe is a substrate of Nb.BbvC I, and fluorescence is produced upon cleavage of the DL-probe ( Fig. 1B, Step 4). Following cleavage of the DL-probe, it dissociates from the L-DNA because the cleaved DL-probe is too short to maintain the double-stranded conformation and the next uncleaved DL-probe hybridizes to the L-DNA. In this way, fluorescence is produced continuously. The rate of the increase in fluorescence is expected to be proportional to the target RNA concentration, until the concentration of target RNA becomes greater than that of L-DNA. Therefore, the target RNA concentration can be quantified by determination of the rate of increase in fluorescence.
Target RNA-dependent fluorescence increase
The experimental procedure of the L-assay is very simple. The unknown sample (target) is added to the quantification mixture containing the DL-probe, L-DNA, and nicking endonuclease, and incubated under isothermal conditions. Figure 2A shows the time courses of the increases in fluorescence at 37°C obtained with this assay using 500 nM DL-probe (NBFB_13) and 10 nM L-DNA (L46) in the presence of 4 nM Qb3716(-)RNA (d), the target RNA, or without the target RNA (s). All sequences of oligo-DNA and RNA, i.e., the DL-probe, L-DNA, and targets, used in this study are shown in Table 1 . Qb3716(-)RNA contained the target sequence for L46, and thus the fluorescence increase in the presence of Qb3716(-)RNA (d) was much greater than that without RNA (s). Figure 2B shows the slopes of the time course of fluorescence increase using L46 ( Fig. 2B , white bars) or L1HF ( Fig. 2B , gray bars) as L-DNA in the presence of Qb3716(-) RNA and/or HF2694RNA, or without any RNA. Figure 2B also shows the slope without L-DNA ( Fig. 2B , black bar). HF2694RNA contained the target sequence for L1HF, while Qb3716(-)RNA contained that for L46. In both cases, using L46 and L1HF, we found that the slopes in the presence of the correct target sequence were much greater than those without the target sequence. Moreover, the signal was not affected by the presence of a 25-fold higher molar concentration of nontarget sequences. These results indicated that the sequence-specific detection using the reaction pathway depicted in Figure 1B is operative. It should also be noted that the concentration of fluorescent 6-FAM ( Fig. 2A , vertical axis), corresponding to the concentration of cleaved DL-probe, increased far beyond the concentrations of both the target RNA (4 nM) and L-DNA (10 nM), confirming the turnover reaction in Steps 3 and 4 in Figure  1B . While almost no signal was observed without L-DNA ( Fig. 2B , black bar, ''None''), a small signal was observed with L-DNA even without any target RNA (Fig. 2B , white and gray bars, ''None''). The small signal was directly proportional to the L-DNA concentration (data not shown), indicating that a small fraction of the L-DNA was likely to be in the open form without hybridization with the target sequence, and this was the background of the L-assay. Figure 3 shows the correlation between the slope of fluorescence increase and the target RNA concentration using 10 nM L46 (Fig. 3A ), 100 nM L46 ( Fig. 3B ), or 10 nM L2GFP ( Fig. 3C ) as L-DNA. Qb3716(-)RNA and GFP5C_RNA were used as target RNAs for L46 ( Fig. 3A,B ) and L2GFP ( Fig. 3C ), respectively. GFP5C_RNA is 845 nt in length, which is much longer than Qb3716(-)RNA (30 nt, Table 1 ). Two individual points at each target RNA concentration (s and m) show the results of duplicate reactions. In all cases, there was a range of target RNA concentration where the slope of fluorescence increase was proportional to the target RNA concentration, indicating that the L-assay can be used as a quantification method. The solid lines in Figure 3 , A, B, and C indicate the linear regression of the data from 0 to 8 nM, 0 to 64 nM, and 0 to 16 nM, respectively, which gave a slope and intercept of 0.45/min and 0.34 nM/min (R 2 = 0.996), 0.39/min and 2.8 nM/min (R 2 = 0.994), and 0.014/min and 0.18 nM/min (R 2 = 0.981), respectively. The coefficient of variation (Cv), which is the ratio of standard deviation to the mean of quantification, between the duplicates was independent of the target RNA concentration and showed an average of 4.0%.
Standard curves
In Figure 3 , A and B, the slope no longer increased when the concentration of the target RNA exceeded that of L-DNA, suggesting that the L-DNA was saturated with target RNA. On the other hand, in Figure 3C , the slope increased even when the target RNA concentration was much greater than the L-DNA concentration (10 nM), and the slope of the fitted linear line (0.014/min) was notably less than those in Figure 3 , A and B (0.45 and 0.39/min, respectively). No such observations were made in the case of all short target RNAs or DNAs tested (data not shown), and were attributed to the fact that the affinity between the L-DNA and the target RNA was low and not all L-DNA hybridized to the target sequence, even at higher target RNA concentrations. In such cases, the L-assay reaction can be explained by a Michaelis-Menten-like mechanism (Fersht 1999) ; indeed, the data showed a good fit to the Michaelis-Menten equation ( Fig. 3C , dotted line). Such low affinity should appear when the target sequence was not always accessible due to the secondary structure, which is likely to be the case when the RNA becomes longer. Nevertheless, it should be noted that the target RNA concentration could be quantified using a standard curve fitted by the Michaelis-Menten equation, while its accuracy may become lower than linear regression.
We determined upper detection limit (UL), lower detection limit (LL), and the dynamic range, which is the ratio of UL to LL, of the L-assay. The UL of the L-assay was almost the same as the L-DNA concentration when quantifying short RNAs (-47 bases) such as Qb3716(-)RNA and HF2694RNA (Fig. 3A,B) , whereas UL was about 100 nM-10-fold greater than the L-DNA concentrationfor GFP5C_RNA with a length of 845 bases (Fig. 3C ). UL of GFP5C_RNA was estimated as the concentration of RNA that gave half of the maximum slope determined by nonlinear regression (Michaelis-Menten equation). The lower detection limit (LL) can be defined as the RNA concentration, the signal of which is b + 3Ás B , where b is the mean value of the blank signal and s B is the standard deviation of the blank signal (i.e., s B = CvÁb) (MacDougall et al. 1980) . The value of b is equivalent to the intercept of the linear standard curve, and LL can be determined as 3ÁCvÁb/a by solving the equation b + 3ÁCvÁb = aÁLL + b, where a is the slope of the linear standard curve. In this way, LL in Figure 3 , A, B, and C were determined to be 0.090 nM, 0.86 nM, and 1.4 nM, respectively, using the value of Cv = 4.0%. The dynamic ranges (UL/LL) in Figure  3 , A, B, and C were two orders of magnitude. It is worth noting that the quantification range of the assay (i.e., LL to UL) can be altered easily as both LL and UL can be controlled by the L-DNA concentration.
Influence of the DL-probe and L-DNA sequences
We investigated the influence of the DL-probe and L-DNA sequences on L-assay performance. The slopes (nanomolar/ min) of the fluorescence increase obtained using various DL-probes and L-DNAs (10 nM) for detecting 4 nM target RNA or DNA (AS: Analyte Signal) with a variety of sequences, or without target sequence (BS: Blank Signal) are summarized in Table 2 . The values of AS and BS listed in Table 2 are the means of two individual experiments, and Cv between the two showed an average value of 6.7%. We also listed LL (nanomolars) determined as 3ÁCvÁb/a, where Cv = 6.7%, b = BS, and a = (AS -BS)/4 (b and a are the intercept and the slope of the standard curve, respectively, deduced from the values of AS and BS). We found that LL was significantly less than the L-DNA concentration (10 nM) under all conditions tested. As the L-DNA concentration defines the lowest value of UL, there is a certain quantification range under all conditions tested. More precisely, the assay system could quantify the target concentration even when the length of L-DNA was varied by at most 6 nt ( Table 2 , Conditions 1-11), when the length of the DL-probe was shortened or lengthened by 2 nt (Table 2 , Conditions 13,14, respectively), when the combination of target sequence and L-DNA was varied (Table 2, , when the length of the loop structure of the L-DNA (59-CCTC-39 in gray characters in Fig. 1A) was varied from 4 nt to 3 nt (Table 2 , Conditions 15,18), and even using DNA as a target sequence (Table 2, Conditions 12, [16] [17] [18] . These results indicate the robustness of this assay system on the design of the L-DNA and DL-probe sequences. As there were no obvious correlations between the length of L-DNA or DL-probe and the obtained AS and BS, the exact sequence may have a stronger influence on the performance of the assay than minor changes in the length. NBFB_13 is the DL-probe used most in this study, which in principle can be used as a common DL-probe for all target sequences as long as the target RNA or DNA does not contain the same or a very closely related sequence to NBFB_13 or its complement. In such cases, however, it is also possible to use another set of nicking endonuclease and DL-probe. L-DNA should be designed as follows (in order from the 59-end): the complement of the target sequence (about 20 nt; we used 18-30 nt) (see Fig. 1A , underlined characters; Tables 1,2), the same sequence as 3 nt 59-end of the DL-probe (Fig. 1A, 59-CTT-39) , the complement of the DL-probe sequence (Fig. 1A, gray characters) , and the same sequence as the 59 part of the target sequence (about 10 nt; we tested 7-13 nt) (see Fig. 1A , 59-GACCGATCC-39; Tables 1,2). Our results suggested that the L-assay should work for most target sequences by adhering to the above outline.
Demonstration of quantification in the presence of cellular RNA
We examined whether a specific RNA can be quantified even in the presence of large amounts of cellular RNA from yeast. Figure 4 shows the results of the influence of total RNA (from yeast) on both AS (slope of the fluorescence increase with 4 nM (0.04 ng/mL) Qb3716(-)RNA as target RNA, white bar) and BS (that without target sequence, gray bar) using L46 as L-DNA. We found that cellular RNA did not increase BS, and AS was sufficiently higher than BS even in the presence of a 2500-fold excess by weight (100/ 0.04) of cellular RNA. As the presence of cellular RNA reduced AS, presumably due to competitive inhibition of nicking endonuclease activity by nonspecific binding to cellular RNA (Langowski et al. 1980) , the standard curve must be plotted using the data obtained in the presence of the same concentration of unrelated RNA.
Demonstration of real-time quantification of RNA degradation by RNase A
One of the most important features of the L-assay is its ability to quantify the RNA concentration in real-time. That is, the changes in the RNA concentration during a reaction can be detected without sampling. As an example, RNA degradation by RNase A was quantified in real-time. Figure 5A shows the time courses of the increases in fluorescence using L46 as L-DNA for 4 nM Qb3716(-)RNA as target RNA(d), 4 nM Qb3716(-)RNA with 12 mM RNase A (s), and neither target sequence nor RNase A (3). A reduction in the rate of fluorescence increase (slope) was observed in the presence of RNase A (s). Figure 5B shows the time courses of changes in the target RNA concentration determined from the slope of Figure 5A and the standard curve (Fig. 3A) . A single exponential decrease in the RNA concentration with a rate of 0.18 6 0.01/min was observed. The specificity constant (k cat /K m , where k cat and K m are catalytic rate constant and the Michaelis constant, respectively) can be determined as 2.5 3 10 2 M À1 s À1 by dividing the rate 0.18 6 0.01/min by the RNase A concentration (12 mM) (Fersht 1999) , because the K m of RNase A is known to be greater than the RNase A concentration used (K m = 34-620 mM) (delCardayre and Raines 1994). The ratio k cat /K m of RNase A is known to be strongly dependent on the substrate RNA sequence, and shows a wide range of values from 2.8 3 10 2 to 1.5 3 10 7 M À1 s À1 (delCardayre and Raines 1994). Our value (2.5 3 10 2 M À1 s À1 ) was at the low end of this range; however, it is possible that the value could be underestimated by some order of magnitude because hybridization of the target RNA with L-DNA may protect the RNA from degradation by RNase A. Nevertheless, when the target RNA is the substrate of the reaction, as in the case of RNase A, L-assay as well as other methods based on hybridization may interfere with the reaction. However, when the target RNA is the product, as in the case of RNA synthesis (Marras et al. 2004; Hosoda et al. 2007 ), L-assay or other hybridization-based methods should not affect the reaction, and the assay is thus likely to be able to provide quantitative real-time data.
Discussion
We have developed a novel, single-step, isothermal, signalamplified, and sequence-specific RNA quantification method (L-assay). The L-assay consists of nicking endonuclease, dual-labeled fluorescent DNA probe (DL-probe), and conformation-interchangeable oligo-DNA (L-DNA), and requires simply mixing these components and placing them under isothermal conditions. The features of the Lassay are as follows: (1) Cv of quantification in the range of 4.0%-6.7% ( Fig. 3 ; Table 2 ) with a lower limit of detection of 0.1 nM (Fig. 3A); (2) detection is sequence specific and is not disturbed even in the presence of a several thousandfold excess by weight of unrelated RNA (Fig. 4) ;
(3) quantification can be performed in real-time (Fig. 5) ; and (4) quantification is a signal-amplified method, i.e., the signal fluorescence increases over time. While the strategy is very simple, quantification with the L-assay results in high accuracy and signal amplification makes the method more sensitive than other sequence-specific real-time measurement methods in which the fluorescence signal is not amplified.
In addition to its accuracy, the L-assay also has a number of other useful features as follows. The L-assay can quantify short RNAs (<30 nt), such as miRNAs (Lim et al. 2003; Maroney et al. 2006 ). Short RNAs cannot be amplified directly by PCR, and Q-RTPCR requires refinements for short RNAs (Chen et al. 2005) . Other quantification methods for short RNAs are also complicated (Allawi et al. 2004; Valoczi et al. 2004; Jonstrup et al. 2006 ). On the other hand, the L-assay can quantify short RNAs (see Tables 1, 2 ) with a much simpler procedure (requiring only mixing and incubation) than other methods. Moreover, the cost of the L-assay is lower than for other methods using DL-probes, because not only does the L-assay not require a thermalcycler, but a single DL-probe can be used for multiple target sequences.
There is potential to further increase the sensitivity of the L-assay. The lower limit of detection of the L-assay was found to be 0.1 nM (Fig. 3A) . Both the upper and lower limits of detection are proportional to the L-DNA concentration, and thus, the quantification range can be controlled by the L-DNA concentration (Fig. 3A,B) . In principle, lower RNA concentrations (<0.1 nM) can be quantified by using lower concentrations of L-DNA (<10 nM). However, the reaction velocity becomes very slow and the assay loses its accuracy under these conditions. Currently, the activity (catalytic rate) of Nb.BbvC I is one of the rate-limiting factors in the L-assay, and thus development of a high-activity nicking endonuclease (Cherry et al. 1999; Bellamy et al. 2005; Zheng and Roberts 2007) is expected to increase the reaction rate, resulting in more sensitive quantification. Moreover, improvement of the conformation (sequence design) or chemical modification of the L-DNA may reduce BS by the L-DNA (Kean et al. 1994) . Indeed, L-DNA with a 3-nt loop resulted in less BS than that with a 4-nt loop (Table 2, Conditions 15, 18) .
In conclusion, the L-assay was found to be a sequencespecific and accurate real-time RNA quantification method (Cv ranged from 4.0% to 6.7%) with a lower detection limit of 0.1 nM, and was shown to be applicable to the detection of specific sequences in cellular RNA. Further improvement of the assay with regard to its sensitivity is expected with the development of high-activity nicking endonuclease or by modification of L-DNA. The easy-touse L-assay will be useful for various purposes, such as RNA quantification of miRNA or pathogens, basic research requiring high accuracy, and sequence-specific real-time quantification.
MATERIALS AND METHODS
Quantification reaction
The final concentrations of the reaction components were as follows: 100 mM Tris-HCl (pH 7.8), 30 mM MgCl 2 , 0.1 mg/mL BSA, 200 nM ROX (5-carboxy-X-rhodamine; Invitrogen), 500 nM DL-probe (Sigma-Aldrich Japan), 0.5 U/mL Nb.BbvC I (New England Biolabs), 10 (except Fig. 3B ) or 100 nM (Fig. 3B ) L-DNA (quick column grade; GeneDesign), and various concentrations of target (for both DNA and RNA, quick column grade; GeneDesign). For the results shown in Figures 2-5, NBFB_13 was used as the DL-probe, and the other cases were listed in Table 2 . All sequences of oligo-DNA and RNA, such as DL-probe, L-DNA, and targets, are shown in Table 1 . We used ribonucleic acid from yeast (Wako) as cellular RNA, and ribonuclease (DNase-free) glycerol solution (Nippon Gene) as RNase A. The reaction mixtures (20 mL) were monitored at 37°C for 30 min at 15-sec intervals using an Mx3005 QPCR System (Stratagene). The ratio of the value of fluorescence emission at 516 nm (excitation at 492 nm, 6-FAM fluorescence) to the average value of that at 610 nm (excitation at 585 nm, ROX fluorescence) for 10-30 min was used as the signal intensity. This correction, dividing by ROX fluorescence, is not necessary for the L-assay itself, but is normally adopted for normalization of the fluorescence intensity differences among tubes when using the Mx3005 QPCR System (and also for other QPCR instruments), which reduces the Cv by 1% in the L-assay. The signal intensity was converted into the concentration of 6-FAM by linear transformation, because the signals were proportional to the concentration of 6-FAM (data not shown).
Analysis
The slopes of the fluorescence increase were determined by leastsquares linear regression using the data for 10-30 min shown in Figures 2B, 3A , 3C, and 4, and in Table 2 , and for 5-10 min in Figure 3B . The slopes to estimate the target RNA concentration at each time point in Figure 5B were determined by least-squares linear regression using the data 0.5 min before and after each time point (total of 1 min). The secondary structure of the L-DNA was predicted using the software mfold (http://www.bioinfo.rpi.edu/ applications/mfold/) Zuker et al. 1999 ).
